METHODS AND MATERIALS Preparation of crude extract. Hibernating specimens of H. pomatia were dissected by the method of Keilin (1956) .
The digestive tracts and contents were put into a beaker surrounded by ice. They were cut into 1-2 cm. lengths and the mixture was homogenized with an equal volume of icecold water in a cooled homogenizer (Potter & Elvehjem, 1936) fitted with a Perspex pestle and surrounded by ice. The tissue was ground at 2000 rev./min. for periods of 30 sec., at 2 min. intervals, until no large particles could be seen. Usually five such treatments were necessary. The homogenate was centrifuged at 19. OOOg at 40 for 30 min. and the clear-brown supernatant was dialysed for 16 hr. in cellophan dialysis tubing against a large volume of ice-cold water. Any precipitate which formed was removed by centrifuging at 40 and the resulting solution was used as the starting material from which to purify cellulase. A soluti on (approx. 100 ml.) containing about 10 mg. of protein N/ml. was obtained from 200 snails.
Preparation of 8ubstrates for enzyme a88ays. At each stage of the purification procedure, the enzymic activity was measured towards cotton linters and Cellofas B.
Bleached cotton linters, kindly given by Lansil Ltd., Shipley, Yorks, were swollen with phosphoric acid for 10 min. at 00 (Walseth, 1952) and the degree of polymerization was estimated by the method of Atchison (1943) . The average value was 500.
The degree of substitution of Cellofas B, a soluble carboxymethylcellulose derivative, supplied by Imperial Chemical Industries Ltd. and labelled 'low viscosity grade', was found to be 0-46 by the colorimetric method of Eyler, Klug & Diephuis (1947) and a 0-5 % (w/v) solution was prepared. This was stored at 20.
Method-e of cellulase assay. (a) Cellofas B as substrate. Cellofas B (5 ml. of 0.5 % solution) was mixed with 0-5 ml. of M-buffer (see below) at the required pH and 4 ml. of water in a test tube. The mixture was shaken (50 horizontal strokes of 9 5 cm./min.) in a water bath at 37°. This speed of shaking did not cause any significant loss of enzymic activity (Table 1) . Enzyme solution (0-5 ml.) was added and the mixture incubated for 20 min. A sample (2 ml.) was then withdrawn, added to 2 ml. of alkaline copper reagent (Somogyi, 1952) and the mixture heated for 15 min. on a boiling-water bath. It was then cooled rapidly to room temperature, 2 ml. of arsenomolybdate reagent (Nelson, 1944) added, the volume made up to 20 ml. and the colour intensity at 620 m,u read on a Unicam colorimeter (model SP. 350) against a blank with boiled enzyme incubated in the same way. The amount of reducing sugar in the sample (Fig 1) .
(b) Cotton linters as substrate. Oven-dried-bleached and phosphoric acid-swollen cotton linters (0-2 g.) were weighed into a 20 ml. screw-capped bottle. M-Buffer (1 ml.) of the required pH was added, followed by water to give a final volume of 20 ml. The mixture was incubated at 250 with shaking (60 horizontal strokes of 4 cm./min.) for 3 hr. and 1 ml. of enzyme added. The shaking did not cause any fall in the activity of the enzyme (Table 1) . After 17 hr., 2 ml. of the solution was withdrawn and the assay completed in the way already described for Cellofas B.
Units of activity. (a) For the soluble-substrate assays, one cellulase unit was defined as the quantity of enzyme which gave 1 tug. of glucose when incubated for 20 min. at 370 in a reaction medium (pH 5-6, 10 ml.) containing 0-025 g. of Cellofas B.
(b) For the insoluble-substrate assays, one cellulase unit was defined as the quantity of enzyme which gave 1 ,ug. of glucose when incubated for 17 hr. at 250 in a reaction medium (pH 5-6, 20 ml.) containing 0-2 g. of swollen bleached cotton linters.
(c) Specific activity was defined as the units of activity per ml. of the cellulase preparation divided by the extinction of the solution at 280 m,u, measured in a light path of 1 cm.
Ultraviolet-absorption measurements. These were made in a Beckman DU spectrophotometer or a Unicam SP. 500 spectrophotometer.
Nitrogen. Total nitrogen was estimated by microKjeldahl digestion as described by Chibnall, Rees & Williams (1943) , followed by distillation and titration, and ammonia nitrogen was estimated by the method of Conway & Byrne (1937) .
Buffer 8olauions. These were prepared from AnalaR reagents. Except where otherwise stated, the buffers used were phosphate from pH 8-0 to 5-6, acetate from pH 5-6 to 3-5 and glycine-HCl at lower pH values (Gomori, 1955 this temperature. The pH of the solution was adjusted to pH 6-0 by the addition of M-acetic acid and cold, saturated sodium sulphate solution was added to precipitate excess of lead. After 1 hr. the mixture was centrifuged and 270 ml. of clear-red solution obtained. Solid ammonium sulphate was added until the solution was 80% saturated with respect to ammonium sulphate. A bright-pink precipitate formed, which was removed by centrifuging at 19 000 g. It was dissolved in the minimum amount of water, giving 50 ml. of a dark-brown solution. This was dialysed against four changes of 5 1. of water for 16 hr. and was then free from ammonia. The final volume was 90 ml.
Stage 2. Whatman cellulose powder was packed into a column 49 cm. high x 5 cm. diameter and equilibrated in M-acetate buffer, pH 6-0. Material from stage 1 (90 ml.) was adsorbed on to this column and it was eluted at the rate of 60 ml./hr. with the acetate buffer. Fractions (25 ml.) were collected, and immediately after the hold-up volume of the column had passed through, brown fractions were obtained (225 ml.). A colourless solution (1.2 1.) was then obtained. The protein content of each fraction was estimated from the absorption at 280 mu and the cellulase activities of the fractions were measured. The results (Fig. 2) show that the total and specific activities of the first, coloured fractions were low and that the later fractions contained over 50% of the cellulolytic activity adsorbed on to the cellulose. Fractions 1 to 13 and 14 to 62 were each combined, dialysed against 5 1. of 10% (w/v) ammonium sulphate solution for 16 hr. and any precipitate was removed by centrifuging. The solutions were then dialysed against 101. of saturated ammonium sulphate solution for 16 hr. The precipitates which formed were removed by centrifuging at 15 000 g for 30 min., redissolved in the minimum volumes of water and dialysed against several changes of water until they were free from ammonia. A dark-red solution (60 ml.) was obtained from the first fractions and 25 ml. of pale-brown solution from the later ones. The latter solution was frozen at -150 and freezedried to a powder, which was redissolved in 8 ml. of water.
Stage 3. Amberlite IRC 50 resin was ground to pass a 200-mbsh sieve, washed and converted into the Na+ form by the method described by Hirs, Moore & Stein (1953) . The resin was stirred in water to which 1 ml. portions of 85% (v/v) phosphoric acid were added until the pH of the solution was about 8. The resin was then poured into a glass tube fitted with a no. 3 sintered-glass disk, to give a column 33 cm. high x 2 3 cm. diameter, a disk of glassfibre paper was placed on the column and the resin was washed with 0 05M-phosphate buffer, pH 7 05, until the solution eluted was at this pH. The pale-brown solution from the previous stage (8 ml.) was adsorbed on to the column. Fractions (2.2 ml.) were collected and the protein contents and cellulase activities of each are shown in Fig. 3 . Fractions 15 to 23 contained the highest total and specific cellulase activity and these fractions were combined and dialysed against saturated ammonium sulphate solution for 16 hr. The precipitate which formed was removed by centrifuging and was dialysed against veronal buffer, pH 7-8, I 0-2. It was then examined in a Tiselius electrophoresis apparatus (Perkin-Elmer model 38) against the same buffer. Two boundaries were seen in both the ascending and descending limb of the apparatus.
In the descending limb these had the mobilities 0-307 x 10-5 cm.2 v-l sec.-' and 1-078 x 10-5 cm.2 V-l sec.-l.
RESULTS
Activity of purified cellulase towards carbohydrates.
The crude digestive-tract extract breaks down a number of carbohydrates (Myers & Northcote, 1958) and the purified material could degrade some of these, but it was inactive towards methylcellobioside and xylans (Table 3) . Variation of activity with pH. The variation of activity with pH in the crude digestive-tract extract and the cellulase purified past stage 2 is shown in Fig. 4 . The same pH optimum, pH 5-6, is found for the soluble and the insoluble substrates in both preparations but the optimum is broader in the crude than in the purified cellulase.
Variation of activity with substrate concentration. The Michaelis constant for the cellulase purified past stage 3 (Table 2 ) was determined with CellofasB as the substrate and expressing its concentration in terms of the glucose equivalent. It was found to be 80 mm, by the method of Lineweaver & Burk (1934) (Fig. 5) . This may be compared with a value Vol. 7 I 7.51 I959 Table 3 . Activity of purified cellulawe towards other carbohydrate8 Methods of assay are given by Myers & Nortbcote (1958) . The enzyme used was purified to the end of stage 2. In the crude extract, the specific activity of the enzyme degrading Cellofas B and cotton linters was 350 and in the purified material 2030. The activity of the crude extract on each substrate is taken as 100 and the relative activity in the purified material thus expresses the enrichment towards each substrate during the purification. Product8 of enzyme action. The solution purified past stage 3 (0 5 ml.) was incubated for 16 hr. at 370 with 9-5ml. of 0.25% Cellofas B in 0'05m-acetate buffer, pH 5-6. The solution was then boiled, centrifuged and the supernatant passed through a column of Amberlite IR 120 (8 cm. x 0 9 cm.) to remove Na+ ions. The eluate was evaporated under reduced pressure to a thin syrup, which was examined on a paper chromatogram developed in pyridine-ethyl acetate-water (Jermyn & Isherwood, 1949) . A spot corresponding to glucose was seen when the paper was coloured with aniline phthalate (Partridge, 1949) . A faintly coloured spot near the origin was also seen; this stained yellow when sprayed with bromophenol blue (0.04 %) and was due to a carboxymethylglucose derivative.
The same cellulase sample (1 ml.) was incubated for 24 hr. at 250 with 19 ml. of a 1 % suspension of cotton linters, the mixture was filtered and the experiment described above repeated. Glucose only was detected chromatographically.
Temperature stablity of cellulase. The crude extract was unstable when heated or cooled to very low temperatures (Table 4) .
Ammonium sulphate inhibition of cellulase. The results of activity determinations carried out when different concentrations of ammonium sulphate were present in the assay system are given in Table 5 . The amount of reducing sugar was calculated in each case from a calibration curve prepared from glucose (25-200 pg.) in the presence of the same concentration of ammonium sulphate as that used in the enzyme assay.
The inhibition was shown to be reversible. The initial extract (2 ml.) was dialysed against 2 1. of 10 % (w/v) ammonium sulphate solution for 24 hr. at 4°and a portion of the solution shown to have no activity when assayed in the presence of ammonium sulphate. The remaining solution was then dialysed in a collodion sac against several changes of water until it was salt-free. The specific activity of this solution towards Cellofas B was the same as that of the starting material.
Effect of protein on cellulase activity. The activity of the enzyme purified past stage 2 (Table 2) was greater in the presence than in the absence of Vol. 7I 753 protein (Table 6 ) but the activity of the impure enzyme preparation was not affected by the protein.
The extents of the hydrolyses of both soluble and insoluble substrates in the presence of added protein were measured over periods of several hours (Table 7) . The effect of pre-incubation on the activity of the enzyme in the absence of its substrate is shown in Table 8 . When the initial extract was used, ivory-nut mannan B, lobster chitin and yeast glucan were degraded more rapidly in the presence than in the absence of added protein (Table 9) . DISCUSSION M. verrucaria cellulase, the only one purified to electrophoretic homogeneity, has a specific activity only twice as great in the pure solution as in the initial extract. The present work has resulted in the separation of a cellulase with five times the specific activity of the starting material. The purified enzyme is not able to attack xylan or methyl ,Bcellobioside. It is not electrophoretically homogeneous, however, and is able to degrade a number of carbohydrates other than cellulose. In the purification a cellulose column was particularly useful since it was the only way found to separate the enzyme from contaminating pigments; its success was probably due to interaction between the enzyme and its substrate.
All the three fractions which were separated by the third stage of the purification procedure showed the same order of cellulase activity (Fig. 3) . None of these fractions had higher activity than the material adsorbed on to the column, but since the proteins moved at different rates it seems likely that there are at least three cellulolytic enzymes in the digestive tract ofH. pomatia, possibly differing in their specificities towards the length of glucose chain attacked and the mechanism of the degradation. Florkin & Lozet (1949) showed that the snail digestive tract harbours cellulose-decomposing bacteria and stated that the cellulase of H. ponmtia is of bacterial origin: earlier workers (Biedermann & Moritz, 1898; Karrer et al. 1925) had assumed that the enzyme was produced by the animal. It is suggested from the present work that since a number of cellulases occur in the digestive tract of H. pomatia it is possible that one or more of these are produced by the intestinal flora and others by the animal itself. Tracey (1951) concluded that the cellulase and chitinase of earthworms are of both bacterial and animal origin.
Insoluble substrates are degraded much more slowly than soluble ones, and cellulose is especially inconvenient as a substrate for enzyme assays, since the material is heterogeneous in both its physical and chemical structure and may differ from sample to sample. It was often more convenient therefore to use Cellofas B as the substrate for assays. Only glucose and carboxymethylglucose were found from an enzymic hydrolysate of this substrate, and previous work has shown that carboxymethylcelluloses are degraded in the same way as cellulose (Siu, 1951) . Further, the same pH optimum, pH 5-6, was found for cellulase acting on both soluble and insoluble substrates in the present case. However, wherever possible, the results obtained with Cellofas B were confirmed with the insoluble substrate.
Xylans are usually found associated with cellulose preparations and the measured activities of the enzyme could have been partly due to decomposition of these polysaccharides (Halliwell, 1957a, b) . However, during the process of purification the xylanase activity of the original extract (Myers & Northcote, 1958) has been lost and in addition a chromatographic examination of the enzymic hydrolysate of both soluble and insoluble substrates showed the presence of glucose or glucose derivatives only. Preparations of ac-cellulose from cotton linters have a very low pentosan content of approximately 0-07 % (Adams & Bishop, 1955) , and although the original polymer chains have undoubtedly been shortened, especially by the phosphoric acid treatment, the enzymes purified do produce free glucose from these derived glucosans of cellulose and therefore can be defined as cellulases.
754
I959 Basu & Pal (1956) reported that a fungalcellulase preparation was denatured when shaken during assay. However, it can be seen from Table 1 that there was no loss of activity at the speeds of shaking used during assay in the present work. In fact, the tubes were always shaken to ensure both constant-temperature conditions throughout the liquid and thorough mixing of all the components of the system, a particularly important factor when insoluble substrates were used. Whitaker (1952) and Basu & Whitaker (1953) found that the cellulase activity of a cellulolyticenzyme preparation from the culture medium of M. verrucaria, 40 % of the protein of which was cellulase, was increased by the addition of enzymically inactive protein. They presented evidence that the enhancement of activity was due to some effect of the protein on the cellulose substrate, possibly lowering the surface potential. Tracey (1955) , working with a highly active chitinase preparation from Lycoperdon, found a similar effect which he attributed to the same cause. He suggested that the effect, if confirmed, should be termed an opsonic effect, in contradistinction to the more usual one which is due to the added foreign protein preventing enzyme denaturation. When, therefore, it was found that the activity of a partially purified cellulase preparation from H. pomatia was increased by the addition of a number of proteins the possible mechanism of this was further investigated. The evidence reported suggests that the higher activity in the presence of foreign protein is due to the protection of the enzyme from denaturation. This conclusion is based on the following observations:
(a) The activity is increased with both soluble and insoluble substrates.
(b) The extent of the increase in activity increases with the length of the incubation period (Table 7) .
(c) A number of proteins with different properties and isoelectric points give the effect (Table 6) .
(d) Pre-incubation of cellulase with protein in the absence of substrate prevents loss of activity (Table 8) .
(e) Chitinase, yeast glucanase and ivory-nut mannanase activity in a crude digestive-tract extract from H. ponatia were stimulated by the addition of protein with no carbohydrate activity (Table 8 ). The structures of these polysaccharides differ markedly, as they are made up from different monosaccharide units with different linkages between the units in the molecule, so it is improbable that added protein could have the same effect on each. It should, however, be noted that in these cases the stimulation was observed when the enzymically active solution already contained much inactive protein. 2. Although not specific to cellulose, the purified enzyme did not degrade methyl fi-cellobioside or xylans.
3. The purified enzyme showed optimum activity at pH 5-6, was inactivated reversibly by amnmonium sulphate and was denatured by heating or cooling.
4. The Michaelis constant of the purified enzyme was 80 mM.
5. The addition of protein to the purified preparation increased its enzymic activity and evidence is presented to indicate that this added protein does not affect the substrate.
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